Background: Mammalian sperm lose sialic acids during capacitation through unknown mechanisms. Results: Sialidases Neu1 and Neu3 are present on sperm. Their activity is required for capacitation and zona pellucida binding. Conclusion: Sperm sialidases modulate sperm surface sialic acids en route to fertilization. Significance: Understanding the mechanism of deciduous sialylation in sperm provides novel insights into sperm function and glycan-mediated fertility.
Sialic acids (Sias) mediate many biological functions, including molecular recognition during development, immune response, and fertilization. A Sia-rich glycocalyx coats the surface of sperm, allowing them to survive as allogeneic cells in the female reproductive tract despite female immunity. During capacitation, sperm lose a fraction of their Sias. We quantified shed Sia monosaccharides released from capacitated sperm and measured sperm sialidase activity. We report the presence of two sialidases (neuraminidases Neu1 and Neu3) on mammalian sperm. These are themselves shed from sperm during capacitation. Inhibiting sialidase activity interferes with sperm binding to the zona pellucida of the ovum. A survey of human sperm samples for the presence of sialidases NEU1 and NEU3 identified a lack of one or both sialidases in sperm of some male idiopathic infertility cases. The results contribute new insights into the dynamic remodeling of the sperm glycocalyx prior to fertilization.
All cell surfaces in nature are covered by a glycocalyx, a dense "sugar coat" formed by a complex array of glycans, the oligoand polysaccharides attached to glycoproteins and glycolipids (1) . Sperm are coated with a thick (ϳ70 nm) glycocalyx rich in sialic acids (Sias) 2 (2) . Sias are nine-carbon backbone amino sugars found abundantly on mammalian cell surfaces and secretions (3, 4) . These acidic sugars serve a wide variety of biological roles, ranging from structural roles based on their negative charge to involvement in molecular recognition during development, immune regulation, and carcinogenesis (1). Although there are Ͼ50 different forms of Sias in nature, the two most common Sias found in mammals are N-acetylneuraminic acid (Neu5Ac) and its derivative N-glycolylneuraminic acid (Neu5Gc) (1) . Sias are found as the outermost monosaccharide, where they cap the majority of glycans at the sperm cell surface. The sperm sialome refers to the totality of Sias present on sperm. The sialome of each mature sperm cell consists of tens of millions of Sia molecules and is acquired during spermatogenesis and epididymal maturation and by incorporation of seminal fluid components into the sperm membrane during ejaculation (5, 6) .
As foreign cells, sperm face important challenges once deposited inside the female reproductive tract (7). Humoral and cellular female immune factors lead to the rapid demise of most sperm after insemination when the leukocytic reaction in the female unleashes countless leukocytes in the uterus (8, 9) . Antibodies and complement are also present in female reproductive tract secretions (10) . Mammalian leukocytes express lineage-specific combinations of Sia-binding immune regulatory lectins (Siglecs (sialic acid-binding immunoglobulin superfamily lectins)). Most of these Siglecs exert inhibitory effects upon binding Sias, and properly engaging these Siglecs is likely to be important for sperm survival (11) . Insufficient decoration with Sias will thus put sperm at increased risk of female immune discrimination. The complement system also relies in part on appropriate sialylation of cells to detect "self" and to inhibit activation based on factor H binding (12) . Sia content of mammalian sperm has been shown to correlate positively with protection from phagocytosis but negatively with the capacity of sperm to bind to the zona pellucida of the ovum (13) (14) (15) . In primates, sperm are also abundantly coated with sialylated ␤-defensin 126 in the distal epididymis, and this coating helps prevent the recognition of potent sperm antigens by female antibodies (16) . It is also established that the mammalian process of sperm capacitation is accompanied by a reduction in sialylation (17, 18) . Existing studies of Sia modulation in sperm have relied mostly on indirect measures of loss of sialoglycoconjugates, and mechanisms remain unknown. Sialidase activ-ity has been reported in the sperm acrosome and female genital tract (19, 20) . The aim of this study was to gain insight into the mechanism of sperm sialome loss during capacitation. We found evidence for shed Sia monosaccharides, quantified their release from sperm incubated under capacitating conditions, and measured sperm sialidase activity. We then probed mouse and human sperm for the presence of sialidases and used a sialidase inhibitor to test the role of sperm sialidases in capacitation and zona pellucida binding.
EXPERIMENTAL PROCEDURES
Ethics Statement-All samples used for this study were anonymized. Samples were from volunteer participants who gave written informed consent. The sample collection was approved by University of California San Diego Human Subject Protection Institutional Review Board 040613 or by University of Cincinnati Human Subject Protection Institutional Review Board 10-36.
Mouse Sperm-C57BL/6 mice were kept under University of California San Diego Institutional Animal Care and Use Committee Protocol S01227. Sperm were harvested from the cauda epididymides of males killed at 12-20 weeks of age. The cauda epididymis was squashed and kept on a shaker at room temperature for 10 min. Sperm were washed and subjected to a swim-up procedure in Biggers-Whitten-Whittingham (BWW) buffer following published procedures (21) .
Human Sperm-Human samples were from volunteers Ͻ45 years of age after 3 days of abstinence under University of California San Diego Human Subject Protection Institutional Review Board 040613, from normal sperm donors at the Oregon Health & Science University, or from patients at Christ Hospital under University of Cincinnati Human Subject Protection Institutional Review Board 10-36. Sperm were washed twice with BWW buffer and subjected to a swim-up procedure in 100 l of BWW buffer at 37°C and 5% CO 2 for 20 min following published procedures (21) . Sperm parameters were determined by computer-assisted sperm analysis and followed the World Health Organization (2009) criteria for concentration, motility, and morphology.
In Vitro Capacitation of Mouse and Human Sperm-Mouse sperm were incubated for 2 h in 5 mg/ml BSA (Sigma) and 20 mM NaHCO 3 in BWW buffer, and human sperm were incubated for 4 h in 33 mg/ml human serum albumin (Sigma) and 20 mM NaHCO 3 in BWW buffer at 37°C and 5% CO 2 following published methods (22, 23) .
Western Blotting-Mouse and human sperm membrane proteins were extracted following a published protocol (24) . For detection of Neu1, Neu3, ERK, phospho-ERK1/2, and PY20, the following antibodies were used: anti-Neu1 and anti-Neu3 (1:5000; Santa Cruz Biotechnology); anti-mouse ERK, antiphospho-ERK1/2, and anti-PY20 (1:10,000; Cell Signaling Technology); and HRP-conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG (1:10,000; Invitrogen). For detection of Neu1 dot blots, proteins were transferred using the Minifold I dot-blot system.
Detection of Lectin and Antibody Binding by Flow CytometryFor lectin binding, sperm were fixed with 3% freshly thawed paraformaldehyde for 20 min at room temperature and blocked with 1% BSA in TBS/Tween. Biotinylated Sambucus nigra lectin, Maackia amurensis lectin II, and Erythrina crista-galli lectin (1:1000; Vector Labs) were used at room temperature for 30 min and detected with Alexa Fluor 555/488-conjugated streptavidin (1:1000; Invitrogen) at room temperature for 30 min. For detection of peanut agglutinin (PNA) on live sperm, propidium iodide (1:1000; Roche Applied Science) and FITC-PNA (1:1000; Vector Labs) were used at room temperature for 10 min.
For detection Neu1 and Neu3, sperm were fixed with methanol for 20 min at Ϫ20°C and then blocked with 1% BSA in PBS at room temperature for 1 h. For Neu1, sperm were permeabilized with 0.2% Triton X-100 for 20 min at room temperature. Anti-Neu1 and anti-Neu3 antibodies (1:100 were used at 4°C for 1 h. Goat anti-mouse/rabbit antibodies conjugated with Alexa Fluor 488 (1:200; Invitrogen) were used at 4°C for 1 h. For detection of PY20, sperm were fixed with 3% paraformaldehyde at room temperature for 20 min. Anti-PY20 antibody conjugated with Alexa Fluor 647 and mouse IgG2b (1:1000; BioLegend) were used at 4°C for 1 h. Stained sperm were analyzed by flow cytometry on a BD FACSCalibur. A smear of stained sperm was also made for microscopy and microphotography on an Applied Precision DeltaVision inverted deconvolution system.
Analysis of Levels of Bound and Free
Sias-Sperm membrane-bound Sias were prepared by exposing washed sperm cells to double-distilled H 2 O for 15 min at 4°C, followed by centrifugation at 10,000 ϫ g for 15 min. Sia contents of sperm were analyzed by HPLC of Sia extracts of sperm membrane obtained after 2 M acetic acid hydrolysis at 80°C for 3 h. Released Sias were filtered through Microcon 10 columns (Millipore), treated with mild base, and derivatized in 1,2-diamino-4,5-methylenedioxybenzene (Sigma) reagent for 2.5 h at 50°C in the dark. HPLC was performed over a Varian C 18 reverse phase column under isocratic conditions in 83% water, 7% methanol, and 8% acetonitrile at a flow rate of 0.9 ml/min over 50 min using a Hitachi HPLC system (25, 26) . Sia standards were from bovine submaxillary mucin as well as commercially available Neu5Ac (Nacalai) and Neu5Gc (Inalco). Supernatants were separately analyzed by 1,2-diamino-4,5-methylenedioxybenzene derivatization and HPLC. Sia monosaccharides released into the medium were determined by 1,2-diamino-4,5-methylenedioxybenzene derivatization with trifluoroacetic acid (27) and then analyzed by HPLC.
Determination of Sialidase Activity-Assays were carried out in 100 l of BWW buffer containing 25 l of 0.2 mM sodium acetate (pH 5.5), 2.5 l of 2 mM 4-methylumbelliferyl-␣-D-Nacetylneuraminic acid (Sigma), and 2.5 l of 10 mg/ml BSA (Sigma) and incubated at 37°C and 5% CO 2 for 2 h, after which the supernatant was collected. A reference standard was generated by hydrolyzing 1 mM 4-methylumbelliferyl-␣-D-N-acetylneuraminic acid in 10 mM HCl at 80°C for 10 min. The reaction was stopped by addition of 200 l of 20 mM sodium bicarbonate (pH 10.6) and read using a SpectraMax M3 microplate reader at an excitation of 365 nm and an emission of 450 nm (28) . At the same time, 2-deoxy-2,3-didehydro-D-N-acetylneuraminic acid (DANA) and free Neu5Ac were used at 1 mM to inhibit sialidase activity in each experimental group. Sialidase activity was assayed with and without protease inhibitor (protease inhibitor mixture set III, EDTA-free (1:100), Calbiochem) in the capacitation medium and incubated at 37°C for 2 h.
In Vivo Capacitated Status of Mouse Sperm -A C57BL/6 male mouse was caged with two estrus females at 8:30 a.m. Females were inspected for the presence of a vaginal plug every 30 min thereafter. Mated females were killed 1.5 h post-mating, and the uterus was excised, clamped shut with forceps, and flushed with PBS (29) .
Sperm-Egg Binding-Three-week-old FVB/N female mice were superovulated by sequential administration of pregnant mare serum gonadotropin and human chorionic gonadotropin (Sigma) (30) . Oocytes were collected by flushing the oviduct and stripped of the cumulus cell by treatment with 1 mg/ml bovine hyaluronidase (Irvine Scientific) for 5 min. Fresh cauda epididymal sperm were incubated in the capacitation medium with or without DANA and added to the oocytes for co-incubation at 37°C for 30 min. The eggs were individually aspirated into a new drop of medium, placed on glass, kept on ice for 5 min, stained with DAPI (1:50,000; Sigma) at room temperature for 2 min, and analyzed under a Zeiss Axiovert 200 microscope.
Statistical Methods-Data sets were tested for normal distribution using a Kolmogorov-Smirnoff test and analyzed for statistical significance by one-way analysis of variance using Prism software. All values shown are means Ϯ S.E.
RESULTS

Release of Sia Monosaccharides during Sperm Capacitation-
We detected free Sia monosaccharides in the supernatant of the capacitation medium (Fig. 1, A and B) by HPLC. Mice sperm released both Neu5Ac and Neu5Gc, whereas human sperm released only NeuAc. The presence of free Sias in the supernatant corresponded with a decrease in Sias on sperm after in vitro incubation under capacitating conditions. Furthermore, sialoglycoconjugates were also released from the sperm surface (supplemental Fig. 1, A and B) . These experiments show that the sperm lost ϳ20% of the sperm membrane Sias during capacitation and that ϳ30% of the released Sias appeared to have been released in their monosaccharide form. Correspondingly, after incubation under capacitating conditions, the number of exposed underlying galactose residues increased (Fig. 1,  C and D) , as revealed by the increased binding of the galactosespecific E. crista-galli lectin and PNA, confirming the loss of Sias from both N-and O-linked glycans. E. crista-galli lectin is specific for galactose linked ␤1-4 to N-acetylglucosamine found mostly on N-glycans, whereas PNA is specific for galactose in ␤1-3-glycosidic linkage to N-acetylgalactosamine mostly found on O-glycans. The major cell surface glycosylphosphatidylinositol-anchored sialoglycopeptide is CD52, which sperm gain during epididymal maturation (31) . We incubated epididymal mouse sperm with seminal vesicle fluid to allow acquisition of CD52. We measured the change in CD52 in sperm incubated under capacitating conditions using an antibody specific for the peptide of CD52 (supplemental Fig. 4A ). We detected a minor loss, indicating that this key glycoprotein remains mostly on the sperm surface and thus must be one of the targets of the sperm sialidases.
Sialidase Activity during in Vitro and in Vivo Capacitation-
The release of Sia monosaccharides during in vitro capacitation of sperm, in the absence of any female enzymatic factors, indicates the existence of a sperm cell-autonomous enzymatic mechanism for desialylation. To detect sialidase activity on sperm during capacitation, we used 4-methylumbelliferylsialic acid substrate, which generates a fluorescent product when cleaved by any sialidase. Sialidase activity increased under in vitro capacitating conditions in mouse and human sperm and could be specifically inhibited by addition of the sialidase inhibitor DANA (Fig. 1, E and F) . Furthermore, analysis of sialidase activity in vivo also revealed a marked increase in uterine fluid but not in sperm retrieved from the uterus at that time (Fig. 1G) . 
Sialidases Neu1 and Neu3 Are Involved in Capacitation-
There are four known vertebrate sialidases/neuraminidases (32, 33) . Two (Neu1 and Neu3) have been reported at the cell membrane. We stained mouse sperm with antibodies specific for Neu1, a lysosomal neuraminidase known to be active at the cell membrane, where it can associate with cathepsin A and ␤-galactosidase (34), and for Neu3, the neuraminidase known to act specifically on gangliosides (35) . Flow cytometry revealed a reduction in the levels of Neu1 and Neu3 after in vitro capacitation. Both flow cytometry and fluorescence microscopy showed that anti-Neu1 and anti-Neu3 antibodies bound to uncapacitated mouse epididymal sperm in the head region and, to a lesser degree, after in vitro capacitation (Fig. 2, A and B) . Neu1 and Neu3 were detected on the surface of mouse sperm in the cauda epididymis and on ejaculated human sperm (Fig. 2D) . In contrast, neither sialidase was detected on mouse sperm in the testes or caput of the epididymis (Fig. 2C) , suggesting a delayed expression of Neu1/3 transcripts. Both sialidases appeared to be released during in vitro incubation under capacitating conditions as measured by dot blotting as well by Western blotting of sperm membranes (Fig. 2E) . Protease inhibition prevented much of this shedding and also reduced sialidase activity (Fig. 3D) , indicating that shedding of sialidases depends at least in part on protease activity. The loss of ␣2-3-and ␣2-6-Sias, as well as exposure of the underlying ␤1-4-Gal, was only partly inhibited by treatment with DANA (supplemental Fig. 3 , A-C). We also found Neu1 in the oviductal epithelium and Neu3 in the uterine luminal/glandular and oviductal epithelia (supplemental Fig. 2) . Surprisingly, inhibition of sperm sialidases by DANA also resulted in increased shedding of the enzymes from the sperm (Fig. 2, C and D) , indicating that merely engaging the binding pocket of the sialidases triggers their shedding.
Function of Sialidases Neu1 and Neu3 during CapacitationWe observed inhibition of binding to the ovum zona pellucida by sperm that had been capacitated in the presence of DANA (Fig. 3A) . The effect of sperm sialidase activity on mouse and human sperm capacitation status and on the MAPK/ERK signaling pathway was analyzed by assessing tyrosine phosphorylation using antibodies against phosphotyrosine (PY20) and phosphorylated ERK. Inhibition of sperm sialidases by DANA led to reductions in tyrosine phosphorylation as well as ERK1/2 phosphorylation (Fig. 3 , B and C) in mice and humans, suggesting that functional sperm sialidases mediate sperm glycocalyx changes associated with sperm cell signaling. A, fluorescent staining of Neu1 on mouse sperm head before and after capacitation and counterstained with DAPI and an unspecific IgG control. The change was quantified using FACS and could be partially inhibited by DANA. B, fluorescent staining of Neu3 on mouse sperm head before and after capacitation and counterstained with DAPI and an unspecific IgG control. The change was quantified using FACS and could be partially inhibited by DANA. A and B are representative of 12 experiments each. C, Neu1/3 on mouse sperm in the testes and the proximal and distal epididymis. Arrowheads show positive staining only in mature sperm of the cauda (distal epididymis). HE, hematoxylin and eosin. D, NEU1/3 on human ejaculated sperm. Expression was highest in the hind part of the sperm head. The counterstain is DAPI (blue). ALF488, Alexa Fluor 488. E, release of Neu1 and Neu3 from sperm into the supernatant and the effect of the sialidase inhibitor DANA. U, uncapacitated; C, capacitated; CϩI, capacitated with the inhibitor DANA. F, sialidase activity in and release from sperm are both affected by protein inhibitor (PI). ***, p Յ 0.001 versus the control.
NEU1/3 in Human Idiopathic Subfertility Patients-We
established a flow cytometry-based assay for sperm NEU1/3 and analyzed human sperm samples collected at an infertility clinic. We found that out of 22 samples, four had very low levels of NEU3, one lacked NEU1, and one had low levels of both NEU1 and NEU3 (Fig. 4, A and B) . Of these six subjects, only two had abnormal sperm parameters, whereas the other four had normal sperm parameters (based on computer-assisted sperm analysis and World Health Organization (2009) criteria for concentration, motility, and morphology). All 16 normal control samples had both NEU1 and NEU3 on their sperm surfaces.
Binding of Mouse Sperm by Siglecs-We used chimeric Siglec-6 Fc probes and a flow cytometry-based assay to test the binding of Siglec-6 to mouse sperm. Live mouse epididymal sperm bound strongly to Siglec-6 Fc probes (supplemental Fig.   4B ), indicating that the sperm sialome is efficiently "probed" by this Siglec.
DISCUSSION
As foreign cells, mammalian sperm face numerous challenges during their transit through the female reproductive tract en route to fertilization (7) . Surviving the onslaught of female immune factors is an absolute prerequisite for sperm to reach the upper oviduct for fertilization. Abundant sialylation likely facilitates tolerance by female innate pattern recognition molecules, both secreted molecules such as complement (factor H, which binds to Sia and prevents complement deposition (36) ) and cell-bound molecules on female leukocytes such as Siglecs (11, 37) . In addition, terminal Sia decoration may mask potentially antigenic sperm molecules until after sperm have undergone capacitation. Removal of Sias exposes the underlying functional groups as the sperm nears the egg and its vestment. Such a antigen-masking role has been demonstrated for the highly sialylated ␤-defensin 126 on primate sperm (16) .
Changes in sperm sialylation levels en route to fertilization have been reported for several decades. It has been proposed that such a loss involves small molecular weight sialoglycopeptides or gangliosides bearing ␣2-3-and ␣2-6-linked Sias prior to fertilization (18, 38, 39) . The shedding of glycosylphosphatidylinositol-anchored sialoglycopeptides is also a distinct possibility. In our study, we detected, for the first time, the free Neu5Ac and Neu5Gc monosaccharides in the supernatant from the in vitro capacitation medium, indicating that some of the sialome loss is mediated by sperm sialidase activity (Fig. 1) . We have reported the presence of two sperm enzymes (Neu1 and Neu3) that appear to modulate the sperm sialome by cleaving Sia molecules from sialoglycoconjugates during capacitation. Although we found evidence for some loss of CD52, the majority of this glycocalyx molecule remained on sperm after incubation under capacitating conditions.
We could demonstrate sialidase activity as well as its selective inhibition with DANA, a known inhibitor of Neu1 and Neu3 (40) . The shedding of sialoglycoproteins and gangliosides might result from alteration in sperm membrane fluidity with cholesterol efflux induced by BSA and NaHCO 3 (41) . Furthermore, Neu1 and Neu3 were shed from capacitated sperm as indicated by a reduction in antibody staining and their detection in the supernatant of the capacitation medium. It remains to be determined to what degree residual function of the shed sialidases could play a role, such as in the desialylation of highly sialylated and sperm-modulating glycodelin-A in the oviduct (42) . Our finding that protease inhibition interfered with sialidase activity and shedding of sialidases from sperm in vitro indicates that a capacitation-associated enzymatic cleavage of Neu1 and Neu3 is required for function and shedding. Treatment with DANA strongly reduced the shedding of the two sialidases (Fig.  2, C and D) . Neu1 and Neu3 were both found along the female reproductive tract as well (supplemental Fig. 2) . The distribution of Neu1 in the uterus and Neu3 in the fallopian tube in female mice would indicate that Sias from glycoproteins and glycolipids (gangliosides) might be differentially targeted. To what extent the sialidases on sperm and those along the female reproductive tract might synergize or conflict for modifying sperm remains unclear.
Inhibition with DANA affected the function and capacitation status of sperm (Fig. 3) as determined by sperm-egg binding assay and by analysis of phosphorylation levels. These findings indicate that the partial loss of sperm Sias represents not just a side effect of capacitation but rather plays a key role in mediating the process of sperm capacitation.
We investigated the potential role of sperm sialidase NEU1 and NEU3 levels in human male idiopathic infertility (Fig. 4B) . Male infertility is a common condition (43) , with ϳ75% involving idiopathic factors. It is conceivable that inappropriate sialidase expression on sperm (total absence or low levels) might underlie some of the unexplained male infertility. Our results indicate that such inadequate levels of sperm sialidase might underlie some forms of idiopathic male infertility. Furthermore, lack of appropriate protease function might also hinder sialidase shedding during capacitation.
The precise consequences of controlled and enzymatically mediated partial loss of Sias from the sperm surface on sperm function during capacitation remain unknown. The partial Sia loss may serve to uncover critical receptors and contribute to membrane reorganization. It may also potentially allow uncapped desialylated glycans to engage lectins of the female tract in a manner that contributes to clustering of the sperm surface glycoconjugates and, in the process, facilitate signaling (Fig. 5) , analogous to that of T-cell and dendritic cell regulation (40, 44) . Having identified two types of sialidases on sperm with a role in mediating capacitation in vitro opens the way to studies of Sia modulation and its significance for sperm function in vivo. The recent finding that human sperm bind to a sialylated ligand (sialyl-Lewis X ) on the zona pellucida (45) is very interesting, as it might indicate that Sia loss from sperm may also unmask key receptors for sialylated ligands on the egg zona pellucida.
